(Dated: March 3, 2015) Using data samples collected at center-of-mass energies √ s = 4.23, 4.26, and 4.36 GeV with the BESIII detector operating at the BEPCII storage ring, we search for the production of the charmoniumlike state Y (4140) through a radiative transition followed by its decay to φJ/ψ. −0.1 (stat) ± 2.5(syst)] MeV [2] . However, the existence of the Y (4140) was not confirmed by the Belle [3] or LHCb [4] collaborations in the same process, nor by the Belle collaboration in two-photon production [3] . Recently, the CMS [5] and D0 [6] collaborations reported on analyses of B + → φJ/ψK + , where an accumulation of events is observed in the φJ/ψ invariant mass distribution, with resonance parameters consistent with those of the CDF measurement. The BABAR collaboration also investigated the same decay mode, and found no evidence for the Y (4140) [7] .
Being well above the open charm threshold, the narrow structure Y (4140) is difficult to be interpreted as a conventional charmonium state [8] , while it is a good candidate for a molecular [9] [10] [11] [12] [13] [14] , ccss tetraquark [15] , or charmonium hybrid state [10] . A detailed review on the Y (4140) is given in Ref. [16] . The Y (4140) is the first charmoniumlike state decaying into two vector mesons consisting of cc and ss pairs. Since both the φ and J/ψ have J P C = 1 −− , the φJ/ψ system has positive C-parity, and can be searched for through radiative transitions of Y (4260) or other 1 −− charmonium or charmoniumlike states. The author of Ref. [10] found that the partial width of the radiative transition Y (4260) → γY (4140) may be up to several tens of keV if both the Y (4260) and Y (4140) are hybrid charmonium states. The data samples collected at center-of-mass (CM) energies near the Y (4260) at the BESIII experiment can be used to search for such transitions.
The structure of this paper is as follows. In Sec. II, the setup for the BESIII experiment and details of the data samples are given. In Sec. III, event selections for φJ/ψ events are described for three different decay modes of the φ meson. Section IV details the upper limit calculations for the production of Y (4140), while Sec. V describes the systematic errors of the measurement. A short summary of the results is given in Sec. VI.
II. DATA AND MONTE CARLO SAMPLES
In this paper, we present results of a search for Y (4140) decays into φJ/ψ through the process e + e − → γφJ/ψ with data taken at CM energies of √ s = 4.23, 4.26, and 4.36 GeV. The data samples were collected with the BESIII detector operating at the BEPCII storage ring [17] . The integrated luminosity of these data samples are measured by using largeangle Bhabha scattering with an uncertainty of 1.0% [18] . The luminosities of the data samples are 1094, 827, and 545 pb −1 , for √ s = 4.23, 4.26, and 4.36 GeV, respectively.
The BESIII detector, described in detail in Ref. [17] , has a geometrical acceptance of 93% of 4π. A small-cell heliumbased main drift chamber (MDC) provides a charged particle momentum resolution of 0.5% at 1 GeV/c in a 1 T magnetic field, and supplies energy loss (dE/dx) measurements with a resolution better than 6% for electrons from Bhabha scattering. The electromagnetic calorimeter (EMC) measures photon energies with a resolution of 2.5% (5%) at 1.0 GeV in the barrel (endcaps). Particle identification (PID) is provided by a time-of-flight system (TOF) with a time resolution of 80 ps (110 ps) for the barrel (endcaps). The muon system, located in the iron flux return yoke of the magnet, provides 2 cm position resolution and detects muon tracks with momentum greater than 0.5 GeV/c. The GEANT4-based [19] Monte Carlo (MC) simulation software BOOST [20] includes the geometric description of the BESIII detector and a simulation of the detector response. It is used to optimize event selection criteria, estimate backgrounds and evaluate the detection efficiency. For each energy point, we generate signal MC samples of e + e − → γY (4140), Y (4140) → φJ/ψ uniformly in phase space, where the φ decays to
L are modeled as a vector particle decaying to two pseudoscalars (EVTGEN [24] model VSS), and the decay φ → ρπ is modeled as a vector particle decaying to a vector and a scalar (VVS PWAVE model), and all the other processes are generated uniformly in phase space. Effects of initial state radiation (ISR) are simulated with KKMC [21] , where the Born cross section of e + e − → γY (4140) is assumed to follow the Y (4260) → π + π − J/ψ line shape [22] . Final state radiation (FSR) effects associated with charged particles are handled with PHOTOS [23] .
To study possible background contributions, MC samples of inclusive Y (4260) decays, equivalent to the integrated luminosity of data, are also generated at √ s = 4.23, 4.26 and 4.36 GeV. In these simulations the Y (4260) is allowed to decay generically, with the main known decay channels being generated using EVTGEN with branching fractions set to world average values [22] . The remaining events associated with charmonium decays are generated with LUND-CHARM [25] while continuum hadronic events are generated with PYTHIA [26] . QED events such as Bhabha, dimuon and digamma are generated with KKMC [21] .
III. EVENT SELECTION
For each charged particle track, the polar angle in the MDC must satisfy | cos θ| < 0.93, and the point of closest approach to the e + e − interaction point (IP) must be within ±10 cm in the beam direction and within ±1 cm in the plane perpendicular to the beam direction, except for the π + π − pair from K 0 S decays. Since leptons from the J/ψ decays are kinematically well separated from other charged tracks, tracks with momenta larger than 1.0 GeV/c in the laboratory frame are assumed to be leptons. We use the energy deposited in the EMC to separate electrons from muons. For muon candidates, the deposited energy is less than 0.4 GeV, while for electrons it is larger than 1.0 GeV. EMC showers identified as photon candidates must satisfy the following requirements. The minimum required energy deposited in the EMC is 25 MeV for the barrel (| cos θ| < 0.8) and 50 MeV for the endcaps (0.86 < | cos θ| < 0.92). To eliminate showers associated with charged particles, e.g. from bremsstrahlung, a photon must be separated by at least 20 degrees from any charged track. The timing information from the EMC is also required to be in 0-700 ns to suppress electronic noise and energy deposits unrelated to signal events.
For the φ → K + K − decay mode, the momenta of the kaons are about 0.2 GeV/c in the laboratory frame. The detection efficiency for low momentum kaons is very small. In order to increase the efficiency, only one kaon is required to be found and to pass through the PID selection using both dE/dx and TOF information. To improve the mass resolution and suppress backgrounds, a one-constraint (1C) kinematic fit is performed with the γK
hypothesis, constraining the missing mass to the Kaon mass, and the χ 2 is required to be less than 25. This value is determined by maximizing the figure of merit (FOM) S/ √ S + B, where S refers to the number of signal events from the signal MC simulation and B is the number of background events from the inclusive MC sample. For the signal cross section, we use the upper limit determined in this analysis as input. The χ 2 requirement depends weakly on the cross section of signal. If there are two kaons or more than one good photon candidate, the combination with the smallest χ 2 is retained.
After imposing the requirements above, we use mass windows around the J/ψ and φ to select signal events. The mass windows are defined as [µ−W, µ+W ], where µ and W are the mean value and full width at half maximum (FWHM) of the invariant mass distributions of signal events from the MC simulation. The values of µ and W for each of the different decay modes of the φ meson considered in this analysis are listed in Table I . Figure 1 shows the scatter plots of M (
for MC and data at 4.26 GeV and the 1-D projections. No significant γφJ/ψ signal is observed. The dominant background events are e + e − → K + K − J/ψ with a random photon candidate from beam related background cluster, so the mass of J/ψ is shifted by about 30 MeV/c 2 to the lower side. About 0.4% of these events will leak into the J/ψ mass window, but in the M (φJ/ψ) distribution, they accumulate at about 30 MeV/c 2 below the CM energy, far away from the nominal mass of the Y (4140).
The invariant mass distributions of the φJ/ψ candidates after all event selection criteria have been applied are shown in Fig. 2 , for the three data samples and the sum of them. Here 
ple after applying all of the above selections. Since there are two high momentum leptons in the final state and the BESIII PID can separate the low momentum kaon from other particles very well, the possible backgrounds must have a K + K − pair and two high-momentum charged tracks. Exclusive MC samples of the processes
− are generated and analyzed with more than 100, 000 events each (corresponding to a cross section of 200 pb), and we confirm that no events are selected as the Y (4140) signal. The cross sections of these final states have been measured to be of a few or a few tens of pb level [27] [28] [29] 31 ] in the energy range of interest. Backgrounds due to one photon from π 0 or η decays being misidentified as the radiative photon were checked for in the inclusive MC sample and found to be negligible.
Three-body process e + e − → γφJ/ψ and four-body process γK + K − J/ψ are studied with MC simulation. Even though the cross sections of these non-resonant channels are expected to be small, we cannot rule out the possibility that the three events observed in the Y (4140) signal region (as shown in Fig. 2 ) are from non-resonant processes.
S is reconstructed with its decay to π + π − . The pions from the decay of K 0 S can also be kinematically well separated from the leptons, and charged tracks with momenta less than 0.6 GeV/c in the laboratory frame are assumed to be pions. Since the K 0 S has a relatively long lifetime, it travels a measurable distance before it decays. We perform a secondary vertex fit on the two charged pions to improve the mass resolution, but no extra χ 2 requirement is applied. The fitted mass and FWHM of the π + π − invariant mass spectrum is determined from the simulation to be µ = (497.6 ± 0. [22] . If there is more than one good photon candidate, the combination with the smallest χ 2 is used, and the χ 2 is required to be less than 20.
The mass windows around the J/ψ and φ used to select signal events are given in Table I . Figure 3 shows the scatter plots of To study possible backgrounds, we use the inclusive MC sample, as well as exclusive MC samples of
No events survive in the Y (4140) signal region. The size of each exclusive MC samples corresponds to a production cross section of 200 pb, which is larger than at least a factor of 4 of the experimental measurements [27, 28, 30, 31] . Figure 4 shows the distribu-
after all the event selection criteria have been applied, with no obvious Y (4140) or other signals. There are only 5 events in the sum of three data samples, and none of them is near the mass of the Y (4140).
For the φ → π + π − π 0 decay mode, the charged pions from the φ decays have lower momenta than the leptons from the J/ψ decay, so all charged tracks with momentum less than 0.6 GeV/c are taken to be pions. We require that there are at least three good photons in the EMC, and loop over all the combinations to select three photons with the smallest χ 2 of a four-constraint (4C) kinematic fit, which constrains the fourmomenta of all particles in the final state to be that of the initial e + e − system. The χ 2 is required to be less than 40. We use two photons out of the three to reconstruct a π 0 candidate, whose invariant mass is nearest to the nominal mass of the π 0 [22] . The fitted mass and FWHM of the π 0 of signal events from MC simulation are µ = (134.1 ± 0.1) MeV/c 2 and W = 
for MC and data at 4.26 GeV and the 1-D projections. The dominant background events are from e + e − → ωχ cJ and e + e − → ηJ/ψ with a random photon. Neither of these channels can be selected as γφJ/ψ signal.
From the inclusive MC sample and exclusive e + e − → π + π − π 0 J/ψ and ηJ/ψ MC samples, correspond to production cross section of 200 pb, we find no events in the Y (4140) signal region, so these background channels are neglected. The production cross section of the above two modes are at a few or a few tens of pb level [30, 31] . After the event selection, there are no events left for the data samples at √ s = 4.23 and 4.26 GeV, and there are only two events left for the data sample at 4.36 GeV. Figure 6 shows the distribu-
GeV. Both surviving events are far from the Y (4140) signal region.
IV. CROSS SECTIONS
As the Y (4140) signal is not significant, and it cannot be distinguished from the contribution of the non-resonant processes due to low statistics, we set an upper limit on this production rate at the 90% confidence level (C.L.). The six decay modes (three φ modes × two J/ψ modes) are combined to obtain the best estimate of the Y (4140) production cross section by counting the numbers of events located in the Y (4140) signal region. This signal region is defined as M (φJ/ψ) ∈[4.11, 4.17] GeV/c 2 , which covers about 95% of the signal events according to the MC simulation. The combined distributions of M (φJ/ψ) are shown in Fig. 7 . From MC studies of the known possible background channels, which are detailed in Sec. III for the three φ decay modes separately, no events in the signal region are observed. Since information on possible backgrounds is limited, we conservatively assume that all the events that lie in the signal region are from the Y (4140). We assume that the number of observed events follows Poisson distributions. The total likelihood of the six modes is defined as
Here P (r; µ) = 1 r! µ r e −µ is the probability density function of a Possion distribution, n prod is the number of produced Y (4140) → φJ/ψ events, N obs i is the number of observed events in the ith mode, B i and ǫ i are the corresponding branching fraction and efficiency, respectively. To take systematic uncertainties into consideration, we convolute the likelihood distribution with a Gaussian function with mean value of 0 and standard deviation n prod · ∆, where ∆ is the relative systematic uncertainty described in the next section. The upper limit on n prod at the 90% C.L. is obtained from
The Born cross section is calculated using
where L int is the integrated luminosity, (1 + δ) is the radiative correction factor, including initial state radiation, e + e − self-energy and initial vertex correction, and (1 + δ vac ) is the vacuum polarization factor, including leptonic and hadronic parts.
The radiative correction factor (1 + δ) is obtained by using a QED calculation [32] . We assume that the cross section for e + e − → γY (4140) follows the Y (4260) → π + π − J/ψ line shape, and use the Breit-Wigner parameters of the Y (4260) [22] as input. The values for (1 + δ) are listed in Table II . The vacuum polarization factor (1 + δ vac )=1.054 is taken from Ref. [33] , and its uncertainty in comparison with other uncertainties is negligible.
The upper limit on σ B is obtained by replacing n prod with the upper limit on n prod . The upper limits on the product of the Born cross section and branching fraction σ[e + e − → γY 
V. SYSTEMATIC UNCERTAINTIES
The sources of the systematic uncertainties are listed in Table III for the measurement at 4.26 GeV and are explained below.
The luminosity is measured using Bhabha events, with an uncertainty less than 1.0% [34] . The difference between data and MC in tracking efficiencies for charged tracks is 1.0% per track [35] . Studies with a sample of J/ψ → ρπ events show that the uncertainty in the reconstruction efficiency for photons is less than 1.0% [36] . For the φ → K + K − mode, PID is required for the kaons, and this is taken as 1.0% [35] per track. Since we require only one kaon to be identified, the uncertainty is smaller than 1.0%, but we take 1.0% to be conservative. For the K 0 S reconstruction, the difference between data and MC simulation is estimated to be 4.0% including tracking efficiencies for two daughter pions from the study of J/ψ → K * K 0 + c.c. [37] .
The branching fractions for
, and J/ψ → e + e − and µ + µ − are taken from the PDG [22] . The uncertainties of the branching fractions are taken as systematic uncertainties, which are 1.2%, 1.3%, and 2.2% for the process with
The radiative correction factor and detection efficiency are determined under the assumption that the production e + e − → γY (4140) follows the Y (4260) line shape. The Y (4360) line shape [22] is used as an alternative assumption, and the difference in ǫ · (1 + δ) is taken as a systematic uncertainty. This is 3.3%, 3.8%, and 10.0% for √ s = 4.23, 4.26, and 4.36 GeV, respectively; the value for √ s = 4.36 GeV is larger than others, since the line shape changes the biggest at this energy point.
The J P of the Y (4140) is unknown, and the efficiency is obtained from a MC sample generated uniformly in phase space. In order to estimate the uncertainty due to decay dynamics, the angular distribution of the radiative photon is generated as 1 + cos 2 θ and 1 − cos 2 θ to determine the difference of efficiency from that of the phase space MC sample. We take the biggest difference as the systematic uncertainty of the ra- diative decay distribution, which is 11.5%, 8.8%, and 13.5% for the modes
For the J/ψ, φ, K 0 S and π 0 mass windows, the selection is very loose, so the difference between data and MC simulation samples are negligible.
For the uncertainties due to kinematic fitting and vertex fitting, it is hard to find an appropriate control sample to measure them. A correction to the track helix parameters in the MC simulation [38] was applied so that the distribution of the MC simulation events is similar to that of the data, and we take half of the difference between the efficiency with and without this correction as the systematic uncertainty. The MC sample with the track helix parameter correction applied is used as the default in this analysis.
Assuming that all sources of systematic uncertainties are independent, the total errors are given by the quadratic sums of all of the above. At 4.26 GeV, the values, which are listed in Table III 
VI. RESULTS AND DISCUSSIONS
In summary, we search for the Y (4140) via e + e − → γφJ/ψ at √ s The branching fraction B(Y (4140) → φJ/ψ) has not previously been measured. Using the partial width of Y (4140) → φJ/ψ calculated under the molecule hypothesis [11] , and the total width of the Y (4140) measured by CDF [2] , the branching fraction is estimated roughly to be 30%. A rough estimation for B(X(3872) → π + π − J/ψ) is 5% [39] . 
